Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

January 2015

Towards High-Throughput, Simultaneous
Characterization of Thermal and Thermoelectric
Properties
Collier S. Miers
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Recommended Citation
Miers, Collier S., "Towards High-Throughput, Simultaneous Characterization of Thermal and Thermoelectric Properties" (2015).
Open Access Theses. 1154.
https://docs.lib.purdue.edu/open_access_theses/1154

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Graduate School Form 30
Updated 1/15/2015

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance

This is to certify that the thesis/dissertation prepared
By Collier Miers
Entitled
Towards High-Throughput, Simultaneous Characterization of Thermal and Thermoelectric Properties

For the degree of Master of Science in Mechanical Engineering

Is approved by the final examining committee:
Amy Marconnet
Chair

Tim Fisher
Ali Shakouri

To the best of my knowledge and as understood by the student in the Thesis/Dissertation
Agreement, Publication Delay, and Certification Disclaimer (Graduate School Form 32),
this thesis/dissertation adheres to the provisions of Purdue University’s “Policy of
Integrity in Research” and the use of copyright material.

Approved by Major Professor(s): Amy Marconnet

Approved by: Jay P. Gore
Head of the Departmental Graduate Program

12/9/2015
Date

TOWARDS HIGH-THROUGHPUT, SIMULTANEOUS CHARACTERIZATION
OF THERMAL AND THERMOELECTRIC PROPERTIES

A Thesis
Submitted to the Faculty
of
Purdue University
by
Collier Stephen Miers

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Mechanical Engineering

December 2015
Purdue University
West Lafayette, Indiana

ii

To Catherine, you bring so much happiness to my life.
I could not have done this without you.

iii

ACKNOWLEDGMENTS
I must first thank Amy Marconnet for her wonderful support and guidance throughout this project. You are truly the best advisor and mentor I could have asked for,
thank you! Additionally, my committee members Tim Fisher and Ali Shakouri who
have both been incremental in helping me to grow and develop a more mature understanding of the field and interdisciplinary research. The John and Helen Lozar
Assitantship and the Warren and Judy Stevenson Scholarship have allowed me to
attend Purdue and complete this work.
Many people have helped me along the way, but a few deserve special mention as
I heavily leaned upon their knowledge at times and always enjoy our conversations:
Bert Gramelspacher - Thank you for all of your help and sharing your electrical
knowledge. Your guidance is much appreciated.Dave Lubelski and Kenny Schwartz Thank you both for everything you have taught and done for me to help me develop
my sample process flows and become more proficient at micro-/nanofabrication processes. Jeff Huddleston - Thank you very much for all of our conversations and your
input on the system design. Karl Anderson - I must sincerely thank you for your
help and explanations regarding measurements and signal conditioning circuits. You
taught me quite a bit, and I am grateful for your help.
Most importantly, to those that have been there for me outside of the lab:
Ethan McMillan, I will never be able to tell you how grateful I am for all the conversations, very long weeks, and beers we shared. Good friends don’t come along often,
but you definitely were here when I needed you. Thanks bud!
And to my Parents, thanks for putting up with years of coming home to all the
things/appliances I had taken apart, but failed to successfully reassemble. Without
all of those lessons learned and your constant encouragement, I would not have made
it this far.

iv

TABLE OF CONTENTS
Page
LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vi

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ix

1. INTRODUCTION . . . . . . . . . . .
1.1 Motivation for Energy Conversion
1.2 Thermoelectrics . . . . . . . . . .
1.3 Scope of Work . . . . . . . . . . .

.
.
.
.

1
1
1
6

2. MEASUREMENT METHODOLOGY . . . . . . . . . . . . . . . . . . .
2.1 Lumped ZT Measurement vs. Individual Constituent Measurement
2.2 Measurement Overview . . . . . . . . . . . . . . . . . . . . . . . . .
2.3 Thermal Conductivity - The 3ω Method . . . . . . . . . . . . . . .
2.3.1 3ω Method . . . . . . . . . . . . . . . . . . . . . . . . . . .
2.3.2 Resistance Thermometry . . . . . . . . . . . . . . . . . . . .
2.3.3 Extracting the Thermal Conductivity κ . . . . . . . . . . . .
2.4 Data Analysis/Post-Processing . . . . . . . . . . . . . . . . . . . . .
2.5 Electrical Measurements . . . . . . . . . . . . . . . . . . . . . . . .
2.5.1 Electrical Conductivity . . . . . . . . . . . . . . . . . . . . .
2.5.2 Seebeck Coefficient . . . . . . . . . . . . . . . . . . . . . . .

8
8
10
12
12
13
14
20
20
21
21

3. SIMULTANEOUS MEASUREMENT STRUCTURE: DESIGN AND
TIMIZATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.1 Overview of Design . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Numerical Models of Experimental Apparatus . . . . . . . . . .
3.2.1 Heater Optimization for 1D Thermal Transport . . . . .
3.2.2 Heater Trace Optimization for Extracting κ . . . . . . .
3.2.3 Design Modification for Electrical Measurements . . . . .

23
23
26
27
27
31

. . . . . . .
Technology
. . . . . . .
. . . . . . .

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

OP. .
. .
. .
. .
. .
. .

4. SAMPLE FABRICATION . . . . . . . . . . . . . . . . . . . . . . . . .
4.1 Process Overview for Fully Simultaneous Measurement Structure .
4.2 Importance of Isolation Layer . . . . . . . . . . . . . . . . . . . .
4.2.1 Function . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Growth Methods . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.

34
34
38
38
39

5. EXPERIMENTAL DESIGN . . . . . . . . . . . . . . . . . . . . . . . . .
5.1 Atmospheric Test Rig (ATR) Design . . . . . . . . . . . . . . . . .

40
40

v

.
.
.
.
.
.

Page
40
44
47
49
49
51

6. VALIDATION OF EXPERIMENTAL APPARATUS . . . . . . . . . . .
6.1 Calibration Samples . . . . . . . . . . . . . . . . . . . . . . . . . .

55
55

7. SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

58

8. RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . .

60

LIST OF REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . .

61

5.2

5.1.1 Electrical Noise Shielding . . . . . . .
5.1.2 Temperature Controlled Testing Stage
5.1.3 High-Throughput Measurements . . . .
Data Acquisition . . . . . . . . . . . . . . . .
5.2.1 Signal Conditioning Circuits . . . . . .
5.2.2 Instrumentation . . . . . . . . . . . . .

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.

vi

LIST OF TABLES
Table
3.1

Uncertainty analysis assuming a 5% tolerance for each parameter. . . .

Page
31

vii

LIST OF FIGURES
Figure
2.1

2.2

2.3

3.1

3.2
3.3
3.4

Page

Vertical cross-section of finalized simultaneous measurement device design.
Where a heating/sensing micropatterned structure is on top for the thermal measurements, electrode layers above and below the thermoelectric
material permit electrical characterization of the material during the thermal measurements, and the annular guard ring (AGR) is used to enhance
the 1-D profile of the heat tranfer in the TE material while restricting the
electrical measurement to the uniformly heated TE material. . . . . . .

11

The measured reponse of resistance to changes in temperature for the 59
nm thick palladium heater line on the fused silica substrate. The resistance
was recorded across a range of temperatures using a PID controlled hot
plate and a type-K thermocouple on top of the sample to determine the
surface temperature. The slope was determined to be 0.286 Ω/◦ C, and
the TCR is found from the slope over the reference resistance taken at
room temperature. Thus the TCR for fused silica is found to be 0.002308
◦ −1
C , similarly for the sapphire samples, the TCR is measured as 0.002023
◦ −1
C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15

The Feldman algorithm provide a means of solving 1D thermal diffusion
through a stratified material using transfer matrices [32], which are defined
in Equation (2.5). A sample case is shown to illustrate the representation
of a general sample geometry. . . . . . . . . . . . . . . . . . . . . . . .

17

This illustrates the design process followed to reach the configuration of
the final device. The low conductivity AGR aides in the 1D heat transfer
assumptions, but no additional iteration of the design was performed as it
was added to assist with electrical characterization in the last step. . .

24

The double spiral heater pattern, depicted in part b, was chosen for the
heater and temperature sensor layer due to the thermal uniformity. . .

25

Comparison of heater trace temperature profiles at a depth of 1500 µm
below the heater surface. . . . . . . . . . . . . . . . . . . . . . . . . . .

26

Impact of the heater geometer (ratio of heater line width wh to the centerlineto-centerline spacing of the heater traces dCL ) on the accuracy of the measured thermal conductivity. The error in the extracted thermal conductivity decreases as the heater structure approaches the true 1-D case (wh /dCL
= 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
29

viii
Figure
3.5

Page

Functionality of the added AGR for obtaining accurate electrical measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

32

Verifying the fitting accuracy after the addition of the AGR using simulated data produced from the virtual experiments in COMSOL. . . . .

33

Overview steps of the necessary processing to fabricate the simultaneous
measurement device. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

35

The ATR system was designed and fabricated for the sole purpose of creating a high-throughput measurement system that was easy for the researcher to use and provided accurate characterization of TE materials.

40

The four bar linkage permits the door to be easily actuated by the user
without excessively wearing the EMI gasket material. The door also swings
up and remains safely out of the way for the user to have full range of access
to the sample stage and use of both hands for loading/unloading. . . .

43

A temperature controlled stage permits a wide range of testing conditions,
while allowing fast and easy sample changes. The pogo pin configuration
within the system is easily customizable by simply drilling the desired holes
in a new probe carrier and insterting into the mounting bracket within the
system. This high level of customization permits the measurement of many
different sample geometries and patterns. . . . . . . . . . . . . . . . . .

45

Harmonic cancellation circuit constructed using in-amps to remove the
fundamental harmonic from the voltage signal allowing for better measurement of the small third harmonic component. . . . . . . . . . . . .

50

5.5

The instrumentation configuration for the 3ω system. . . . . . . . . . .

54

6.1

Calibration data from fused silica samples at room temperature, a driving
current of 20 mApeak , and a heater width of 81.5 µm. Dashed lines show
the impact of a 10% variation in thermal conductivity, thus illustrating
the sensitivity to this property. . . . . . . . . . . . . . . . . . . . . . .

55

Calibration of a sapphire substrate at room temperature, a driving current
of 20 mApeak , and a heater width of 87.1 µm. Dashed lines show the impact
of a 10% variation in thermal conductivity, thus illustrating the sensitivity
to this property. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

56

3.6
4.1
5.1

5.2

5.3

5.4

6.2

ix

ABSTRACT
Collier S. Miers. MSME, Purdue University, December 2015. Towards High-Throughput,
Simultaneous Characterization of Thermal and Thermoelectric Properties. Major
Professor: Amy M. Marconnet, School of Mechanical Engineering.
The extension of thermoelectric generators to more general markets requires that
the devices be affordable and practical (low $/Watt) to implement. A key challenge
in this pursuit is the quick and accurate characterization of thermoelectric materials,
which will allow researchers to tune and modify the material properties quickly. The
goal of this thesis is to design and fabricate a high-throughput characterization system for the simultaneous characterization of thermal, electrical, and thermoelectric
properties for device scale material samples.
The measurement methodology presented in this thesis combines a custom designed measurement system created specifically for high-throughput testing with a
novel device structure that permits simultaneous characterization of the material
properties. The measurement system is based upon the 3ω method for thermal
conductivity measurements, with the addition of electrodes and voltage probes to
measure the electrical conductivity and Seebeck coefficient. A device designed and
optimized to permit the rapid characterization of thermoelectric materials is also presented. This structure is optimized to ensure 1D heat transfer within the sample,
thus permitting rapid data analysis and fitting using a MATLAB script.
Verification of the thermal portion of the system is presented using fused silica
and sapphire materials for benchmarking. The fused silica samples yielded a thermal
conductivity of 1.21 W/(m K), while a thermal conductivity of 31.2 W/(m K) was
measured for the sapphire samples. The device and measurement system designed and
developed in this thesis provide insight and serve as a foundation for the development
of high throughput, simultaneous measurement platforms.
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1. INTRODUCTION
1.1

Motivation for Energy Conversion Technology
As we move further into the twenty-first century, energy consciousness and en-

vironmental awareness have become staples of everyday life; yet, renewed interest
in an old technology might hold the key to solving the energy crisis. In 2015, researchers at Lawrence Livermore National Laboratory determined that out of the
estimated 98.3 quads (1.037 · 1020 J) of energy used in the United States in 2014,
59.4 quads (6.267 · 1019 J) of energy, or 60.4%, were rejected as heat [1]. Many researchers around the world are working on technologies to improve device efficiencies,
thus reducing the amount of energy lost as waste heat; however, technologies such
as recuperative heat exchangers or regenerators are generally very large systems and
not practical for mobile platforms or wider implementation markets. Thermoelectric
generators (TEGs) are a solid-state alternative to thermodynamic cycles for waste
heat recovery applications.

1.2

Thermoelectrics
In 1822, Seebeck observed that a current would flow in a closed loop circuit made

of two different conductors when the junctions between the materials were held at
different temperatures [2]. This pair of materials is called a thermocouple and the
voltage induced by the temperature gradient is the Seebeck voltage. This resulting
Seebeck voltage is proportional to the temperature difference between the junctions
through a variable of proportionality for the thermocouple called the Seebeck coefficient, S. While approximately constant for small temperature ranges, the Seebeck
coefficient can vary over significant ranges of temperature [3].
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Thus, thermocouples are attractive for converting waste heat (and the associated
temperature gradient) to energy. Roughly twelve years after Seebeck’s observations,
Peltier showed that driving a current through a thermocouple generates or releases
heat, depending on the direction of current flow through the junction [2]. This process
is both independent of junction geometry and reversible; in fact, the junction need
not exist for the Peltier effect to be observed. A single thermoelement will generate
an induced temperature difference due to the current flow. In short, the Peltier effect
can be thought of as the inverse of the Seebeck effect.
Subsequently, Lord Kelvin attempted to develop a thermodynamic expression
relating the produced voltage of a thermocouple to the Peltier effect at different
temperatures. He was unable to observe a linear relationship between the resultant
voltage and temperature difference [2]. Later, Thompson showed that the Seebeck
and Peltier effects alone were insufficient to fully describe the operation of a thermoelectric system since the Seebeck coefficient is not constant as Peltier believed (it
varies with temperature); therefore, currents driven through a material under a temperature gradient are subject to Thompson heating. The Thompson heat is the net
heat produced in the conductor, where Joule heating is either reduced or augmented
(dependent on direction of current flow) due to the thermoelectric heat of the system [3]. This argument, while not entirely rigorous concerning the combination of
reversible and irreversible effects from a thermodynamic view point, served as a valuable stepping stone in the path to better understanding thermoelectric transport and
subsequently implementing and incorporating thermoelectric materials into practical
devices, thermoelectric modules (TEMs).
The TEM architecture can function in two operational modes: temperature regulation or energy conversion. In the temperature regulation mode, a temperature
difference can be created across the device if a current is supplied to the leads (as
seen with the Peltier effect), thus acting as a solid state refrigerator or heat pump.
This technology is well suited for applications, such as portable refrigerators, some
electronics cooling applications, and is also being implemented in some automobiles
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to provide cooled seats. In the other mode of operation, TEGs subject to a temperature gradient produce a voltage due to the Seebeck effect; this technology is therefore,
very attractive as a means to reclaim a significant amount of energy from existing
processes. Typically, many pairs of positive and negative thermoelectric legs (thermopairs) are connected electrically in series and thermally in a parallel configuration,
to enhance module performance. Thus when the device is held under a temperature
gradient, a voltage is induced across the device, which is then augmented compared
to a single thermopair, and power can be harvested from this device by connecting
the generated potential difference across a load. This type of power generation is very
attractive for remote applications requiring compact, mobile platforms and mission
critical reliability which is achieved due to the absence of moving parts in TEMs.
These factors make thermoelectrics a favorable fit for space exploration missions and
have been implemented with great success as radioisotope thermoelectric generators
(RTGs), which use nuclear material as a heat source from which electricity can be
generated to power on-board systems or to be distributed and used for thermal control
of the space craft [4]. The major drawbacks of TEGs for general use in wider markets
is low efficiency, typically less than 8%, and relatively high costs due to materials and
fixturing of the generators.
The efficiency of thermoelectric materials is governed by the dimensionless figure
of merit, ZT ≡

S 2 ·σ
T,
κ

where S, σ, κ, and T are the Seebeck coefficient, electrical

conductivity, thermal conductivity, and temperature of the material respectively [5,6].
A plethora of research has focused on the development of TE materials to improve
Ioffes dimensionless figure-of-merit, ZT . An ideal thermoelectric material (high ZT )
exhibits a high electrical power factor (the product of the Seebeck coefficient squared
and the electrical conductivity), but has a low thermal conductivity. Enhancement
of the figure of merit is accomplished by enhancing the power factor, S 2 σ, or by
reducing the thermal conductivity of the material. Elsheikh et al. give a very in-depth
review of the interrelation of TE properties and their impact on device operation [7].
Dresselhaus [8] has contributed much to the field of thermoeletrics with numerous
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outstanding papers addressing materials development and strategies/directions for
thermoelectric improvements. Another approach to detail the material performance
was detailed by Sellittos two temperature model to investigate the role played by
non-equilibrium thermodynamics in thermoelectric transport [9]. Bulusu and Walker
present a review of electronic transport models to be used in improving materials for
use as TE legs [10].
ZT as a performance metric is very important in the development of new TE materials, but it only tells part of the story for the use of the actual devices. ZT is often
discussed and held as the primary metric by which performance of a thermoelectric
module (TEM) is governed, but this is not necessarily the case. Just like any other
technology, TE energy conversion must be practical before it accomplishes widespread
adoption of the technology. The largest hurdle facing TEGs is their cost compared
to their performance. While boosting ZT does increase the performance and conversion efficiency of a thermoelectric, this comes at a cost. Many of the reported high
ZT values have been achieved via highly engineered (superlattices, nanopatterned or
nanostructured materials, etc.) or extremely rare or non-commercially viable materials (rare earth metals, lead, etc.) which limit the feasibility of scaling up for
production at this time. Many of the manufacturing techniques necessary to fabricate the materials that post the highest ZT ’s at this time are prohibitively expensive
and cannot be readily scaled due to the nature of the fabrication process. In addition to the high fabrication costs, many high performance TE materials are either
rare materials or toxic, thus severely limiting their potential use due to cost and
regulations.
Just as many TE materials are too expensive for large scale implementation, the
overall performance of TEGs is substantially less than many thermodynamic cycles
that are commonly employed to utilize waste heat from industrial processes. But
TEGs have an advantage of being small and do not require any moving parts for
operation making them attractive in aero/astrospace applications. While it is very
important to have TE materials within a module that perform well (high ZT ), just as
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important is the design and construction of the module itself and how the components
of the TEM are sized and assembled. Mayer and Ram also provide a good argument
for why optimizing the ZT of the material is not always the best choice for device
performance and provide a numerical study for optimization of heat sink-limited
TEGs [11]. It is crucial to consider not only the TE materials within TEGs, but
the auxiliary materials used to assemble and make the module work, the manner in
which the TEG is fixtured in place for use, the heat exchanger, interconnects, thermal
interface materials, and the load seen by the TEG. Optimization of TEGs must be
approached in the same manner we approach optimization of thermodynamic cycles,
we must consider all the components under their operation configurations and then
work to optimize the system as a whole rather than trying to improve only one part of
the system. An example of system level considerations is: A high Seebeck coefficient
is required to achieve a sufficient output voltage from a TEG. To address this, almost
all TEGs connect many pairs of p- and n-type thermoelectric legs (thermocouples)
together such that they are electrically in series while remaining thermally in parallel.
This creates a larger output resistance, thus higher voltages can be achieved; however,
this causes a problem as now a high electrical load is needed to efficiently transfer
the power from the TE device. In this case, the TEG needs to be optimized for the
intended load it will see to increase performance. These points help to emphasize
that a major reason that TEGs are not in widespread use for energy conversion
applications is the cost:return ratio, but increasing performance of the TEG is only
half of this equation.
The implementation costs associated with TEGs are traditionally very high, but
what if the design was optimized with cost in mind as well? This would allow a design
optimization balance between peak performance and minimum cost. This is exactly
the driving force that prompted the Yee et al. to propose a new performance metric
for TEGs, $/W att [12]. There are many design choices and options in specifying a
TEG that have the potential to significantly impact the final price of the device, aside
from the TE material itself, module fabrication, then there are implementation costs.
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Irrespective of the performance metric chosen, ZT or $/Watt, the accurate measurement of the material parameters is essential for the proper development of optimized structures for use in energy conversion devices. This means being able to
quickly and accurately characterize new materials and then iterate in the material
modification process to tune the material to the desired properties and quickly adjust
as you make changes. Simultaneous characterization of all necessary properties from
a single sample not only allows for high-throughput testing of samples, but it also
guarantees that all samples are measured under the same conditions.

1.3

Scope of Work
In this thesis, I present the design, numerical analysis, and optimization of a new

device to permit simultaneous testing of the thermal, electrical, and thermoelectric
properties. Additionally, I have designed and fabricated a high-throughput characterization fixture carefully designed to streamline the measurement process and improve
accuracy of the measurements. I verify the performance of the system using bulk
fused silica and c-plane sapphire calibration samples as a benchmark against systems
in literature. The work presented here improves the state-of-the-art thermoelectric
characterization guaranteeing that the measurements are being conducted under the
exact same test conditions and for identical samples. The system design and methodology presented here are valuable tools for developing new materials and devices to
reduce the $/Watt of thermoelectric energy conversion.
Specifically, this thesis is organized into the following chapters:
Chapter 1 Provides introductory and motivational material for this work.
Chapter 2 Provides an overview of the measurement methodology for simultaneous
characterization of thermal and electric properties. Principles of the measurement techniques are detailed including the measurement of thermal conductivity
with the three omega method, and the methods for extracting electrical conductivity and Seebeck coefficient.
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Chapter 3 Discusses the design and optimization of the sample measurement structure using numerical simulations of the experiment in COMSOL. First, the
overall heater pattern for thermal and thermoelectric measurements is optimized using a 3D thermoelectric simulation. Second, the detailed heater pattern is optimized for accurate thermal conductivity measurements using a 2D
thermal simulation. Finally, the overall design is optimized for accurate electrical and thermoelectric characterization using 2.5D axisymmetric thermoelectric
simulations.
Chapter 4 Provides an overview of the physical sample fabrication procedure. Emphasis is placed on the required electrical isolation layer as it is crucial for
enabling electrical characterization and strongly impacts the accuracy of the
thermal measurements.
Chapter 5 Discusses the design of the experimental apparatus that enables high
throughput measurement of samples across a range of temperatures and discusses the design and construction of a signal conditioning circuit for this system.
Chapter 6 Presents preliminary data used to validate the thermal characterization
method. Emphasis is placed on measurements of calibration materials to ensure
accuracy of the thermal conductivity measurement.
Chapter 7 Summarizes the major contributions of this thesis.
Chapter 8 Offers suggestions for future research directions and describes the plans
for a new high-temperature measurement system to further expand the characterization capabilities of thermoelectric materials.
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2. MEASUREMENT METHODOLOGY
2.1

Lumped ZT Measurement vs. Individual Constituent Measurement
A crucial step in developing high efficiency thermoelectric materials is precisely

measuring the performance of each device in order to accurately compare performance between different samples. The figure of merit, ZT , related to the efficiency of
a thermoelectric device, is a pivotal metric for the characterization of thermoelectric
materials, and includes both thermal and electrical properties at each operating temperature. For a given sample, the figure of merit can either be measured directly as
a lumped value for ZT , or determined by combining measurements of the individual
properties [13, 14].
Directly measuring ZT is attractive for comparing the performance of existing,
bulk thermoelectric materials. In this case, comparison of performance based upon
the operational value of ZT is appropriate, since the materials will be used as-is (i.e.
not attempting to modify specific material properties to enhance performance). But
a downside to a directly measuring ZT is the lack of specific information about the
individual properties, which is necessary for characterization and development of new
materials.
The figure of merit ZT depends on electrical, thermoelectric, and thermal parameters. For accurate characterization of thermoelectric materials, it is crucial that
the electrical parameters be determined at the same temperatures and in the same
sample examined for the thermal conductivity due to variations between samples and
between measurement conditions. Electrical properties are generally measured using
standard methods, but care must be taken to ensure that the material is characterized
in the appropriate configuration based upon the intended use. Directionality (orientation) must be considered and kept consistent between measurement and application
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because for anisotropic materials properties and performance will be greatly impacted
by the orientation of the material. In standard thermoelectric generators (TEGs), a
thermal gradient is induced across the thickness of the material, and electrical transport will also be in this same direction (as it is driven by the temperature difference).
But electrical conductivity is often measured in the in-plane direction through measurement of the sheet resistance, such as measured with the Van der Pauw technique.
However, but this in-plane electrical conductivity is not valid for the operation of
TEGs [15–20]. Instead, the electrical resistivity in the cross-plane direction must be
measured, matching the actual layout of the device. To accomplish this, typical measurements use a four-point Kelvin connection to the top and bottom of the sample.
A small supply current flows through the sample, while a second set of probes measure the change in voltage across the material. This four probe connection schemes
remove the effects of lead wire resistance from the measurement and minimizes the
effect of contact resistance. Provided a sufficiently low current is use, Joule heating
effects are minimized. Similarly the Seebeck Coefficient can be measured for the same
material by exchanging the top and bottom current probes for temperature sensors,
while applying a thermal gradient across the material, and measuring the induced
voltage potential across the sample due to the applied temperature difference.
Measuring the thermal properties is often more challenging since temperature cannot be directly measured, but must be indirectly probed through the response of a
transducer with a temperature dependent response. For thermal conductivity, most
common techniques, including transient plane source, laser flash, thermoreflectance,
and the 3ω method, interrogate the the cross-plane thermal properties of a sample. For instance, electrical resistance thermometry-based measurement techniques
(including 3ω and the transient plane source methods) heat the sample with Joule
heating of metal heater lines and measure temperature response through the change
in electrical conductivity with temperature of the same heater lines. Optical-based
thermoreflectance methods heat the sample through the absorption of laser light by
a metal transducer layer and measure the temperature rise through the temperature-
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dependent reflectivity of the same transducer layer. Typically, diffusive models of
thermal transport are used to quantify thermal conductivity and interface resistances
from the thermal response of these transducers.
Circa 1910, Orso Mario Corbino conducted the forerunner to modern 3ω measurements.
Specifically, an alternating current passed through thin wires producing a harmonic
voltage component due to the temperature rise and thermal-dependent resistivity of
the material [21, 22]. Roughly 80 years after Corbino’s experiments, David Cahill
leveraged this temperature-dependent harmonic voltage response to periodic heating
to measure the thermal conductivity of materials developing the 3ω method [23, 24].
Since its introduction, the 3ω method has become a versatile thermal characterization
technique used in labs all over the world to characterize thermal properties.
Recall that it is crucial that all properties used to determine ZT be obtained for
the same direction in the material. Thus, it is not precise to use the in-plane electrical conductivity with the cross-plane thermal conductivity in computing ZT . That
assumes a completely isotropic material, which is often not valid for thermoelectric
materials.

2.2

Measurement Overview
This work develops a multi-property characterization platform for thermoelectric

materials using a proven thermal metrology technique with the addition of two thin
film electrical sensing layers to measure the electrical conductivity and the Seebeck
coefficient, as shown in Figure 2.1. The measurement of cross-plane thermal conductivity is conducted using the 3ω method and an optimized double spiral heater
pattern. This optimized heater structure, as later detailed in Sections 3.2.1 and 3.2.2,
provides an area of uniform heating for the device, which permits a 1D heat transfer
analysis allowing a computationally light analytical data interpretation model to be
used for fitting the thermal conductivity, and is vital for accurate characterization of
the Seebeck coefficient. The voltage induced by the thermal gradient from the heating
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Figure 2.1. Vertical cross-section of finalized simultaneous measurement device design. Where a heating/sensing micropatterned structure is on top for the thermal measurements, electrode layers above
and below the thermoelectric material permit electrical characterization of the material during the thermal measurements, and the annular guard ring (AGR) is used to enhance the 1-D profile of the heat
tranfer in the TE material while restricting the electrical measurement
to the uniformly heated TE material.

is measured via the upper and lower electrodes added to the device, which can also
be utilized to measure the electrical conductivity of the material. A ring structure
called the annular guard ring (AGR) is added to confine the electrical measurements
to an area of uniform heating and also serves to further enhance the 1D profile of the
heat transfer in the material.
This combined measurement strategy ensures that all properties are determined
for the same material configuration and orientation and enables high throughput
measurements of new materials. The remainder of this chapter briefly describe the
measurement principles for thermal conductivity, electrical conductivity, and Seebeck
coefficient. The following chapter focuses on numerical experiments for optimization
of sample design and measurement accuracy.
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2.3

Thermal Conductivity - The 3ω Method
The thermal conductivity is determined using the 3ω method, pioneered by Cahill

[23,24], which utilizes a patterned thin metal film resistive heater on top of the sample
to act as both a heater and resistive temperature detector (RTD). Briefly, sinusoidal
current in the metal film heats the sample periodically, and the thermal properties
of the sample impact the temperature response of the heater. At every frequency of
interest, the temperature response heater is measured through the voltage response
of the heater/thermometer.

2.3.1

3ω Method

In the 3ω method, an AC current is supplied to the heater at frequency of ω.
Heating occurs at twice the frequency of the current oscillations because Joule heating
is insensitive to the sign of the current. Therefore, one heater cycle occurs for the
positive portion of the current input, while a second heating cycle occurs during the
negative portion. This leads to temperature oscillations at 2ω with some magnitude
(∆T2ω ) and phase delay (phi) between the heating signal and temperature response
dependent on the underlying sample structure. Due to the temperature dependence
of the resistance of the heater film, the AC voltage response (V = I · R) will have both
1ω and 3ω components, where the 3ω component is the portion of the signal directly
related to the temperature rise in the heater. Hence, we are primarily interested in
the component of the voltage signal at oscillating at the third harmonic of the input
current which are related to the temperature oscillations at 2ω:
V3ω (t) =

αI0 R0
∆T2ω cos(3ωt − φ).
2

(2.1)

Note that this component of the voltage response isolates the thermal influences on
the signal from both the steady state temperature rise and variations in the electrical
voltage signal at the input current frequency. The heater current is chosen such that
the steady state temperature rise is small ( 10 K and often < 1 K).
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Generally for experiments, the 1ω component is removed using a nulling bridge
or instrumentation amplifier circuit to isolate and remove the fundamental harmonic
contribution from the voltage signal. Although some modern lock-in amplifiers can
isolate the 3ω component directly without pre-conditioning the signal [24–27], here
we find that preconditioning the signal improves measurement repeatability and reliability.
From the measured V3ω , the magnitude and phase of the 2ω temperature oscillations are determined. Typically, measurements are conducted across a large range of
frequencies (from sub 1 Hz to 30 kHz) to sweep through different thermal penetration depths. Specifically, at low frequencies heat penetrates deep into the underlying
sample, while at high frequencies, heat is confined near the surface. This technique
is especially useful for lamellar or multilayer structures, because it mitigates some effects of thermal contact resistances and enables unique extraction of multiple thermal
properties (thermal conductivity, interface resistances, and heat capacity) through
sweeping of the penetration depth.. This method also minimizes the impact of radiation and convective losses by operating with a temperature rise of at most a few
Kelvin.

2.3.2

Resistance Thermometry

RTDs measure temperature through the variation of the electrical resistance of
the sensor film with temperature; therefore, the change in resistance corresponds to
the change in temperature of the film. An ideal temperature sensor has a significant
and linear response of the electrical resistance to temperature in the measurement
range of interest. Additionally, the film must be stable under operating conditions.
The linear temperature dependence of the electrical resistance is described as:
R(T ) = R0 [1 + αT CR · (T − T0 )]

(2.2)

where R0 is the resistance at reference temperature T0 , and αT CR is the temperature
coefficient of resistance (TCR). The TCR is a material property, but also depends on
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film thickness in the nanoscale regime. Therefore, if the material or heater dimensions
are changed, the thermal response of the heater is altered. Additionally, any impurities or physical variations in the tested film compared to the film used for calibration
will introduce measurement uncertainty [28]. The magnitude of the TCR generally
introduces the most uncertainty into the electrothermal measurements. Even when
carefully calibrated, uncertainty in the TCR can still introduce errors on the order
of 10% [29]. Here, the resistance is measured at every temperature of interest across
the operating range to determine the the resistance-temperature relationship for the
particular RTD film. Thin film RTDs permit accurate measurement of temperature
due to the relationship between temperature and resistance. However, since RTDs
require a current flow to measure resistance, the leads can contribute to the measured resistance of the device. Minimizing this additional voltage drop is crucial for
accurate measurement of the actual film resistance; therefore, a technique known
as Kelvin sensing is employed which uses four contacts with the RTD to make the
measurements. Current is supplied through two probes, while two additional probes
are used to determine the resistance by measuring the voltage at locations for the
four-probe connection to the heater patterns. This technique minimizes the current
flowing in the voltage sensing probes, which minimizes the contribution of voltage
drop due to the probe leads. The measured resistance of the RTD then yields the
temperature of the heater using Equation (2.2).

2.3.3

Extracting the Thermal Conductivity κ

In all 3ω measurements, the magnitude of the temperature oscillations ∆T are
extracted from the measured voltages through [24, 30]:
∆T = 2

dT R0
V3ω
dR V1ω,rms

,rms .

(2.3)

Where dT /dR is the inverse slope of the change of resistance with with temperature,
R0 is the resistance at a known reference temperature T0 , V1ω,rms is the voltage across
the heater line at the driving frequency, and V3ω

,rms

is the third harmonic component
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of the voltage measured from the system. The term dT /dR is obtained from the
slope of the calibration experiments used to measure the change of resistance with
temperature for the heater, where the term R0 · dT /dR yields the inverse TCR, αT CR .
While 3ω data can be collected on any sample, heat transfer models are required
to extract thermal properties from measured temperature oscillations. This section

Figure 2.2. The measured reponse of resistance to changes in temperature for the 59 nm thick palladium heater line on the fused silica
substrate. The resistance was recorded across a range of temperatures
using a PID controlled hot plate and a type-K thermocouple on top
of the sample to determine the surface temperature. The slope was
determined to be 0.286 Ω/◦ C, and the TCR is found from the slope
over the reference resistance taken at room temperature. Thus the
TCR for fused silica is found to be 0.002308 ◦ C −1 , similarly for the
sapphire samples, the TCR is measured as 0.002023 ◦ C −1 .
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discusses three quasi-analytical, frequency-dependent models for thermal transport
commonly used in analysis of 3ω data.
Simplified Slope Method: Early work considered only heat transfer in the
sample film due to periodic heating at the surface, essentially neglecting the heat
capacity of the metal heater and any other layers in the structure. Cahill [23, 24, 31]
uses this method in his first publications on 3ω method. Based on this analysis, the
thermal conductivity is extracted from the linear portion of the in-phase 3ω voltage
as a function of the natural log of the heating frequency. Specifically, the thermal
conductivity for the material being investigated is given by
κ=

3
V1ω,rms
ln ff12

4πlR02

V3ω,rms(1) − V3ω,rms(2)



dR
,
dT

(2.4)

where f is the frequency of the measurement at the first and second measurement
locations. This method works reasonably well for thermally thick samples with very
thin heater lines.
1D Uniform Film Model: Beyond bulk samples, 3ω is commonly used for thin
film samples on a substrate. Often buffer or adhesion layers are required between the
sample and the substrate, and contact resistances between the heater, sample, and
substrate are of interest. If the heater line width is large compared to the sample
thickness and thermal penetration depth, a one-dimensional heat transfer model may
be appropriate. Specifically, Feldman developed an algorithm to solve 1D thermal
diffusion in multi-layer stacks subjected to periodic heating,

d2 T
dz 2

+ i 2ω
T = 0, which
D

is quite useful for 3ω measurements [32]. This algorithm considers thermal waves
propagating in two opposite directions in a layered material, with the heating source
specified within a material layer j. Each layer has three properties considered by the
model: thermal conductivity κ, heat capacity Cp , and layer thickness d. The option
to account for contact resistance is also included at all interfaces. It is important to
note that the model assumes a semi-infinite material for the first and last layers; in
practice, this is generally air and the substrate, respectively. The algorithm is similar
to the transfer matrices used to evaluate optical systems, but in this case, it applies a
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(a) Typical sample geometry

(b) Schematic for multilayer system

Figure 2.3. The Feldman algorithm provide a means of solving 1D
thermal diffusion through a stratified material using transfer matrices
[32], which are defined in Equation (2.5). A sample case is shown to
illustrate the representation of a general sample geometry.

temperature transformation to solve across each material and interface. This means
that there must exist a matrix for every layer and every interface, as can be seen in
Figure 2.3.
Tn+1 = Γn+1 n Tn
(2.5a)


γ
+
γ
+
γ
γ
R
γ
−
γ
−
γ
γ
R
1  n+1
n
n+1 n n+1 n
n+1
n
n+1 n n+1 n

Γn+1 n =
2γn+1 γn+1 − γn + γn+1 γn Rn+1 n γn+1 + γn − γn+1 γn Rn+1 n
(2.5b)
γn+1 = un+1 κn+1


eun+1 dn+1
0

Un+1 (dn+1 ) = 
−un+1 dn+1
0
e
p
un+1 = −i (ω/αn+1 )

(2.5c)
(2.5d)
(2.5e)
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The terms listed in Equation (2.5) provide the basis for the algorithm given by
Feldman to solve a case of thermal waves propagating through a layered material in
both directions away from the heat source(s). Equation (2.5a) is the temperature
transfer relation across an interface defined by Γn+1 n in Equation (2.5b), which can
account for interfacial contact resistance Rn n+1 . A similar expression is used to
transverse the material layers, but Un+1 is used instead of Γn+1 n . A matrix A is
used to translate from the heater to the upper interface with air, while a separate
matrix B is used to propagate the thermal wave down towards the substrate. The
matrices A and B are comprised completely of material or experimental parameters,
thus by successively applying the transfer matrices across the layers and interfaces,
the temperatures throughout the stack can be determined.
Feldman’s algorithm assumes 1D propagation of thermal waves through a layered
material structure. The error associated with assuming a 1D solution (neglecting
edge effects) is given as [27, 33]:
b
d



κz
κx

1/2
>



5.5 , for 5% error
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,

(2.6)

, for 1% error

where b is the half heater width, d is the film thickness, and

κz
κx

is the ratio of cross-

plane to in-plane thermal conductivities. This relation states that for wide heaters
relative to the thickness of the layer or the thermal penetration depth, that the 1D
model can be used quite effectively.
2D Strip Model for Finite Heater Line Width: In the other extreme, when
the heater line width is thin compared thermal penetration depths and/or sample
thicknesses, a model considering 2D (radial or in-plane) heat spreading from the
heater line is more accurate for extracting thermal transport properties. Cahill [24]
presents an equation derived from the exact solution for an oscillating temperature on
a semi-infinite body due to a line heat source. He assumes uniform heating over the
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heater’s width, thus allowing the average temperature oscillation within the heater
line width to be determined.
P
∆T =
lπκ

Z
0

∞

sin2 (kb)
−2 1/2 dk
(kb)2 (k 2 + δth
)

(2.7)

Where P is the amplitude of the heating power, l is the length of the heater, κ is the
thermal conductivity of the sample, k is the Fourier space variable, b is the heater
line half-width, and δth is the thermal wavelength otherwise known as the thermal
penetration depth. Assuming that the thermal penetration depth is much larger than
the heater line width, δth >> b, Cahill determined an approximate solution to the
integral, ∆T = − 21 ln ω −

1
2

ln (ib2 /α) + const. This reveals that the real portion

of the temperature oscillations (component of the temperature oscillation in-phase
with heating) is a linearly related to the natural log of heater frequency, while the
imaginary (out-of-phase) component is constant [24]. An alternative method to obtain
the temperature oscillations at the surface is to numerically integrate Equation (2.7),
which is easily accomplished via MATLAB. This numerical integral is used with a
least-squares regression to match the model to the data by varying the value of the
thermal conductivity, κ.
The 1D Feldman solution algorithm is extended using this formulation to accommodate 2D thermal diffusion in multiple layers.
Z ∞
P
B + (m) + B − (m)
sin2 (mb)
∆T =
dm
2πlb2 0 A+ (m)B − (m) − A− (m)B + (m) γn m2
s
2ω
γj = κj m2 − i
Dj
 
 
B+
B+
1
 


=
Un+1 (d) · Γn+1 n
−
−
2γ
n+1
B
B
n+1

(2.8a)
(2.8b)

(2.8c)

n

This formulation is presented in its general form as given by Kim et al., where the
terms A+ , A− , B + , and B − are components of the transfer matrices constructed by
successively multiplying U and Γ terms together as done with the terms for the 1D
case [34]. The major difference compared to the 1D multilayer model is the implemen-
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tation of the line averaged heater width integral . This provides a powerful solution
tool that is used to describe the solution of heat diffusion for the 3ω experiment.

2.4

Data Analysis/Post-Processing
In order for high-throughput testing to be effective, there must exist efficient and

automated data analysis to interpret the results. A MATLAB script was written that
accepts data files collected during the 3ω measurement, extracts the data from the file
to determine the temperature rise and oscillations of the experimental data and plot it.
Once the temperature signal is determined, it then sets the device structure using an
Excel table that allows the user to quickly input the specific device layer architecture
and known properties. With this known structure, the code calls a user designated
solver based on one of the methods presented above: Cahill Simplified Slope, 1D
Film, or 2D Strip solutions. The data is analyzed using an algorithm developed by
Feldman for solving the heat diffusion equation in a multi-layered structure with a
time-varying heat source [32, 34]. Finally, the code solves the theoretical calculations
and iterates using a least-square regression approach to match the calculated solution
to the data points by fitting the user designated material property. The in-phase
and out-of-phase components (or the magnitude and phase) of the signal may be fit
simultaneously or components of the signal can be fit individually. A solution to the
heat diffusion equation is used for fitting experimental data to avoid unreasonably
long computation times associated with higher dimension solutions solved numerically
with COMSOL. This allows the data to be analyzed rather quickly using a MATLAB
routine to process the information.

2.5

Electrical Measurements
Beyond thermal conductivity, the figure of merit ZT also depends on electrical and

thermoelectric parameters. For accurate thermoelectric material characterization, it
is crucial that the electrical parameters be determined at the same temperatures and
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in the same sample examined for the thermal conductivity. The two additional electrical sensing layers on either side of the sample enable measurement of the electrical
conductivity and Seebeck coefficient at the same time and in the same structure as
the thermal measurement.

2.5.1

Electrical Conductivity

Here the electrical conductivity is measured through the electrical resistance across
the embedded sensing electrodes. These electrodes, above and below the thermoelectric material, permit in situ measurements of the cross-plane electrical conductivity
without needing a separate sample, changing probes, or needing to reposition the
sample from the thermal measurements. This allows data to be collected under identical conditions as the thermal data and provides more accurate characterizations
compared to using two separate samples for electrical and thermal characterization.

2.5.2

Seebeck Coefficient

The final parameter required to compute the figure of merit is the Seebeck coefficient. Measuring the Seebeck Coefficient does not require additional modifications
to the testing system because it simply is found by measuring the voltage difference
across the thermoelectric material at different applied heat fluxes (or temperature
gradients). The same electrodes used for electrical conductivity are used to quantify
the Seebeck coefficient.
Two options for measuring Seebeck coefficient are possible with our system: a
steady state or a frequency dependent measurements. The steady state approach
cannot be performed truly simultaneously with the 3ω technique because it requires a
steady state heat flux (rather than an oscillating heat source), but it can be conducted
using the same heater/sensors. The frequency dependent method, simply requires
measuring the voltage rise across the sample during 3ω measurement using a second
lock-in amplifier or integration of a switching system. In fact, Singh et al. [14] have
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already demonstrated the feasibility of this approach. In fact, this simultaneous
characterization of thermal conductivity and Seebeck coefficient is preferable, because
it allows the experiments to be conducted under the exact same conditions and cuts
down on measurement time, although it does require additional hardware.
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3. SIMULTANEOUS MEASUREMENT STRUCTURE: DESIGN AND
OPTIMIZATION
3.1

Overview of Design
Simultaneous characterization of all the material properties that make up ZT per-

mits a single material sample to be measured for all required values in the figure of
merit, while guaranteeing that the measurements are being conducted under the exact same test conditions. For optimizing the sample design, square samples with
side lengths of 10 mm and a thickness of approximately 3 mm are considered here.
Although this is relatively large, it is close to the scale of the legs that make up
conventional thermoelectric devices. Additionally, it is simpler to fabricate materials at the device scale rather than incorporating very small samples (e.g. individual
nanowires or nanoscale thin films) for measurement [29]. But this approach is scalable
to samples across a wide range of sizes provided the fabrication tools are available.
Figure 3.2 provides a 2-D cross-section of the measurement structure. The heater
layer, on the top surface of the device, is of particular importance, because it is used
as both the heater and the temperature sensor. Specifically, for thermal conductivity measurements, a sinusoidally-varying current passed through the heater generates
periodic heating which propagates to the sample structure. The temperature dependence of the electrical resistivity for the heater material allows measurement of the
temperature at that layer (top) of the device. Heat diffusion through the multi-layer
stack influences the temperature response and profile of the top surface and can be
modeled with a diffusive approach described in Section 2.3.3. This allows extraction
of the thermal conductivity of the sample and other layers as needed.
Furthermore, the heater provides the temperature differential necessary to measure the Seebeck coefficient. Electrical isolation layers separate the heater from the
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Figure 3.1. This illustrates the design process followed to reach the
configuration of the final device. The low conductivity AGR aides
in the 1D heat transfer assumptions, but no additional iteration of
the design was performed as it was added to assist with electrical
characterization in the last step.

top sensing electrode and the bottom sensing electrode from the substrate. The
Seebeck coefficient can be extracted from a temperature difference and the induced
potential difference due to this thermal gradient. The temperature difference is found
through the top temperature measurement and application of an appropriate diffusive
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(a) Serpentine heater

(b) Double-spiral heater

Figure 3.2. The double spiral heater pattern, depicted in part b, was
chosen for the heater and temperature sensor layer due to the thermal
uniformity.

model presented in Section 2.3.3, this system is optimized to use the 1D model. The
potential difference caused by the temperature gradient across the sample is measured
using the sensing electrodes. By measuring the temperature differential and this voltage difference, the Seebeck coefficient can be extracted. The electrical conductivity is
determined by passing a small current through the TE material during periodic heating to measure the combined voltage drop due to the resistivity and Seebeck voltage
of the material. Then using a measurement of purely the Seebeck voltage without
the current flow, the electrical resistivity can be determined from the difference of
the two. Note that the sensing electrodes are used for characterization of electrical
conductivity and Seebeck coefficient, while thermal conductivity is evaluated solely
from thermal response of the heater. Beyond the sample, the thermal properties of
each layer (electrical isolation, heater, and substrate) are required for extracting the
thermal conductivity of the sample and generally require additional measurements of
those layers in isolation as described in Section 3.2.2.
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3.2

Numerical Models of Experimental Apparatus
Simulations provide a valuable tool for investigating the impact of structural de-

sign parameters on the experimental results. Parametric analysis via simulation of the
experiment provides feedback on the effectiveness of a particular design and permits
a quantitative analysis of the sample design prior to fabrication. Here, the primary
focus for the simulations is to ensure accurate thermal and thermoelectric characterization capabilities of the measurement design. This is accomplished first through
optimization of heater geometry to achieve better temperature uniformity within the
sample layers (crucial for measuring Seebeck coefficient accurately) and then simulating the frequency dependent response and analysis mimicking the 3ω technique.
The thermoelectric material is assumed to have the heat capacity of bulk bismuth
telluride and an estimated thermal conductivity of 1.2 W/(m K). Thermal properties
of all other materials in the system are taken from the materials library in COMSOL.

(a) Serpentine Pattern

(b) Double Spiral Pattern

Figure 3.3. Comparison of heater trace temperature profiles at a
depth of 1500 µm below the heater surface.
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3.2.1

Heater Optimization for 1D Thermal Transport

First, we simulate the experimental structure at steady state using the 3D multiphysics solver to capture relevant processes. The applied heater power is determined
by heater material resistivity (dependent on temperature), geometry, and applied
current; therefore, it is necessary to couple the electric currents and heat transfer
physics. Coupling the physics allows us to monitor the impact of experimental parameters such as applied current on the device and then use that information to set
the ranges for actual testing parameters.
The double spiral heater pattern is chosen and optimized based on the uniformity
of the temperature distribution. As shown in Figure 3.3, the temperature profiles
for the serpentine heater design (red) has significantly more variation of temperature
for the lateral and longitudinal directions across the sample than the chosen double
spiral heater design (blue) . Note that these temperature profiles are extracted along
two lines, aligned with the (a) x-axis and (b) y-axis of the simulation, respectively,
at a depth of 1500 µm below the heater surface, which is exactly halfway through
the Bi2 T e3 layer. Note that Tmin is the minimum temperature within each line. The
temperature of the serpentine heater geometry does not go to zero at both edges,
because the heater legs for wiring connections must enter and exit on opposite sides
of the sample (for probe connections), similar to the double spiral pattern. Thus,
the temperature profile for the serpentine heater is not quite as symmetric as for
the double spiral heater. It is crucial that the heater yield approximately a 1-D
temperature profile through the sample to minimize errors in measurement of the
Seebeck coefficient.

3.2.2

Heater Trace Optimization for Extracting κ

After optimizing the heater pattern at steady state, a 2-D cross-section of the
structure is simulated with a sinusoidal time-varying heater current input to simulate
the 3ω experiment and further optimize the heater geometry for thermal conductivity
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characterization. To reduce the computation time for the time-dependent models that
mimic the 3ω experiment, the electrical model is decoupled from the thermal model
and the heat generated is applied as a boundary condition:
 2

I0 R0
q=
cos (2ωt) .
2

(3.1)

Note that the steady state offset in the heat generation term is removed, which
allows the system to reach a steady state oscillation in just a few heating cycles. Furthermore, this heat generation term neglects the temperature variation in resistance
because it leads to a negligible change in heat generation rate if the temperature
rise is small. As described above, with regards to the experimental data, the thermal conductivity is extracted from the simulated data of the temperature oscillations
with a 1-D transient solution to the heat diffusion equation determined by using the
Feldman algorithm. Note that multiple methods for fitting data are possible (e.g.
amplitude and/or phase delay versus in-phase and/or out-of-phase magnitudes), but
in this section, the phase (∼ Tout/Tin) is chosen as the fitting signal.
The heater is simulated across a range of heater line widths keeping the spacing
between the center lines of the heater traces constant, in order to determine the range
of heater line widths that yield accurate thermal conductivity values. Shown in Figure 3.4, as the ratio of heater line width to line spacing approaches unity, the thermal
conductivity results become increasingly accurate as the structure approaches the 1-D
limit. In this regard, the most accurate thermal conductivity results will be for the
truly 1-D case when the heater line width equals the spacing. However, a finite separation between the heater lines is required, in part to maintain a reasonable resistance
in the structure. A 1-D thin film would have the minimum resistance and narrower
line widths increase the resistance. As the baseline heater resistance, R0 , decreases,
the structure becomes less sensitive to temperature changes because the change in
resistance is proportional to the magnitude of the resistance (∆R ∼ R0 α∆T ). Therefore, the goal is to create a heater that closely approximates the uniformity of a film
heater, while increasing the resistance sufficient for 3ω data extraction. This is further accomplished by limiting the range of frequencies analyzed. Specifically, when
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the thermal penetration depth, (δth ∼

p αth
ω

, where αth is the thermal diffusivity of

the sample) is small compared to the heater line width, the structure approximates
the 1-D case despite lateral diffusion from the edge of the heater line.
Based on the above analysis and fabrication considerations, a heater geometry
with Wh = 818 µm and dCL = 918 µm is selected to analyze the performance of
the device across a range of potential material thermal conductivities from 0.1 2.0 W/(m K). As shown in Figure 4, the error in the extracted thermal conductivity is

Figure 3.4. Impact of the heater geometer (ratio of heater line width
wh to the centerline-to-centerline spacing of the heater traces dCL )
on the accuracy of the measured thermal conductivity. The error in
the extracted thermal conductivity decreases as the heater structure
approaches the true 1-D case (wh /dCL = 1).
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small (<∼ 5%) for all thermal conductivities simulated and decreases with increasing
thermal conductivity.
Impact of Fabrication Tolerances on Measurement Accuracy: Beyond analyzing
the impact of geometry and sample properties, using the simulations, the impact of
experimental uncertainties can be examined in detail. Specifically, the thermal properties and thickness of each sub-layer of the structure are critical for determining the
thermal conductivity of the layer of interest (e.g. the thermoelectric layer). To evaluate the impact of these types of experimental uncertainties on the measured thermal
conductivity, the data is fit with assuming the geometric parameter or material property which deviates from the true value and the extracted thermal conductivity is
compared to the input value. Then, using propagation of error, the total uncertainty
in the fitted thermal conductivity (∆kf it ) can be determined:
s 
2
∂κf it
∆κf it = Σi
∆xi
∂xi
where

∂κf it
∂xi

(3.2)

is the change in the fitted value of thermal conductivity due to an uncer-

tainty in parameter xi of magnitude ∆xi . Here we consider a 5 % uncertainty in the
thermal conductivity, volumetric heat capacity, and thickness of the Pd and Al2O3
layers (κP d , CV,P d , T hP d , κAl2 O3 , CV,Al2 O3 , and T hAl2 O3 , respectively), as well as the
thickness and volumetric heat capacity of the bismuth telluride (CV,T E and T hT E ).
Table 3.1 shows the results of the uncertainty analysis for selected sample thermal
conductivities (0.25, 1.2, and 2.0 W/(m K)). Data at all other thermal conductivities
is similar and the total uncertainty in the fitted thermal conductivity ranges from
11% to 12% across the range of thermal conductivities simulated.
One significant source of error is uncertainty in the heat capacity of the thermoelectric material. This is expected because this measurement geometry is sensitive to
the thermal effusivity, which is related to the product of the thermal conductivity and
the volumetric heat capacity. Thus a 5% increase in the heat capacity is reflected by
a 5% reduction in the extracted thermal conductivity of the layer. More importantly,
the heat capacity and thickness of the Al2 O3 insulation layer play a significant role in
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Table 3.1. Uncertainty analysis assuming a 5% tolerance for each parameter.
xi

∂κf it
∆xi
∂xi

Nominal Value
κT E = 0.25
W
(m·K)

κP d

71.8

CV,P d

2.93 · 106

T hP d

J
(m3 ·K)

75 nm
1.20 · 106

CV,T E
T hT E

J
(m3 ·K)

50 µm
W
(m·K)

κAl2 O3
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CV,Al2 O3

2.89 · 106

T hAl2 O3

J
(m3 ·K)

300 nm

Total Uncertainty

W
(m·K)

κT E = 1.2

W
(m·K)

κT E = 2.0

W
(m·K)

0.0001

W
(m·K)

0.0007

W
(m·K)

0.0014

W
(m·K)

0.0077

W
(m·K)

0.0358

W
(m·K)

0.0585

W
(m·K)

0.0046

W
(m·K)

0.0212

W
(m·K)

0.0345

W
(m·K)

0.0124

W
(m·K)

0.0581

W
(m·K)

0.0955

W
(m·K)

0.0000

W
(m·K)

0.0004

W
(m·K)

0.0014

W
(m·K)

0.0003

W
(m·K)

0.0033

W
(m·K)

0.0074

W
(m·K)

0.0183

W
(m·K)

0.0847

W
(m·K)

0.1379

W
(m·K)

0.0180

W
(m·K)

0.0810

W
(m·K)

0.1298

W
(m·K)

0.0299

W
(m·K)

0.1373

W
(m·K)

0.2228

W
(m·K)

11.95%

11.44%

11.14%

the uncertainty in the measured thermal conductivity. It is critical to independently
characterize these layers in order to minimize the error in the measurement of the
thermoelectric material. Note that the heat capacity and thickness of the Al2 O3 layer
impact the extracted data in a similar manner because, in this sample configuration,
the Al2 O3 layer acts as a thermal capacitor and the thermal capacitance is related
to the product of two parameters: Cth = CV LAs . Thermal interface resistances are
neglected in this analysis but are important to real samples. Future modeling efforts
will include interface resistances in both the COMSOL numerical models and the 1-D
models used to fit the data, but are neglected in this analysis for simplicity.

3.2.3

Design Modification for Electrical Measurements

Initial designs for the simultaneous measurement structure did not include the annual guard ring (AGR) present in the final design. Upon simulation of the electrical
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and thermoelectric measurement in COMSOL, it was obvious that the initial design
would not permit accurate measurement of the electrical properties of the TE material under the desired conditions. Specifically, the portion of the thermoelectric not

(a) Isothermal temperature profiles

(b) Seebeck voltage map

Figure 3.5. Functionality of the added AGR for obtaining accurate
electrical measurements.
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directly in the heat flow path acts as a short between the electrical sensing layer leading to incorrect data for the Seebeck coefficient (and non-uniform temperatures for
electrical conductivity measurements). The addition of the annular guard ring (AGR)
provides electrical insulation between the sensing electrodes everywhere except in the
active TE material under the heater. Figure 3.5 illustrates the functionality of the
AGR addition to the device design. This directs the electrical signal through the
well-controlled TE material instead of through the edge regions. Figure 3.6 clearly
shows that the system is very accurate for determining the Seebeck coefficient with
the addition of the AGR. Additionally, the AGR acts as thermal insulation around
the TE material thus improving the 1-D heat transfer within the material.

Figure 3.6. Verifying the fitting accuracy after the addition of the
AGR using simulated data produced from the virtual experiments in
COMSOL.
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4. SAMPLE FABRICATION
4.1

Process Overview for Fully Simultaneous Measurement Structure
The proposed fabrication process for the simultaneous measurement structure is

briefly described following the processing overview depicted in Figure 4.1. The first
step is to thoroughly clean the substrate; which, for silicon, is accomplished using
a standard RCA cleaning procedure, while a triple solvent clean is used for a nonconductive substrate. A triple solvent clean consists of the substrate being placed
in Toluene, Acetone, then Isopropyl alcohol within an ultrasonic bath and allowed
to sit for five minutes in each. Following cleaning, both substrates are rinsed with
ultra-pure water (UPW) and dried with nitrogen. The substrates are then prebaked
on a vacuum hotplate set to 180 ◦ C for 5 minutes, then placed in a cooling rack
and allowed to return to room temperature. This process helps to remove any excess
moisture from the samples before processing proceeds. Next, in the case of a silicon
substrate, a 30 nm thick layer of SiO2 is grown via wet thermal oxidation on top
of the wafer to passivate the sensing layer; for electrically insulating substrates, the
oxidation step is not required. At this point, the lower electrode can now be deposited
using electron beam (e-beam) evaporation of palladium to a thickness of 50 nm at
a rate of 2 Å/s onto the substrate which is held in a rotating wafer chuck cooled to
23 ◦ C. The deposition takes place at a vacuum level of approximately 1 µTorr. I chose
palladium as the heater and electrode materials, because it does not oxidize easily, has
a linear TCR in the range of measurement, is cheap compared to standard materials
such as platinum or gold, and unlike platinum or gold, palladium does not require an
adhesion layer of another material such as titanium or chromium to properly stick to
a surface. Now, the AGR must be added, which is accomplished by first patterning
the area for the AGR via photolithography as shown in step 2 of Figure 4.1.
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The photolithography process has multiple steps in itself. First, an adhesion promoter, hexamethyldisilzane (HMDS), is applied to top of the sample. Vapor priming/application will result in a thinner better quality HMDS layer, but due to the
absense of the necessary equipment/space for this method, my HMDS was applied
using a spin-coater and the same recipe utilized for application of photoresist (PR):
(i) ramp to 500 rpm over 3 seconds and hold for 2 seconds, (ii) ramp from 500 rpm
to 3500 rpm over 3 seconds and hold for 40 seconds, (iii) ramp from 3500 rpm to
500 rpm over 3 seconds and hold for 2 seconds (iv) ramp from 500 rpm to 0 rpm over
3 seconds. This spin-coating recipe was designed to achieve the desired thickness of
PR as will be discussed later, but it will work fine for application of HMDS. After the
HMDS is applied, an optional step is to perform a HMDS-bake on the vacuum hot
plate at 120 ◦ C for 3 minutes, which serves to evaporate remaining ammonia from
the HMDS before the PR is applied. This step is not strictly necessary, but if lower
spin speeds are used and excess ammonia remains within the HMDS layer, it can act
to cross-link the PR that is applied above it. Next, the PR must be applied to the
samples. I use AZ9260 which is a positive PR and yields a much thicker profile than

Figure 4.1. Overview steps of the necessary processing to fabricate
the simultaneous measurement device.
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the AZ1518 that will be used for the heater patterning. After the PR is applied, a soft
bake is performed on the vacuum hotplate at 100 ◦ C for 15 minutes (approximately 3
minutes for AZ1518), which is generally sufficient to help solidify the PR and prevent
it from sticking to the mask during alignment and exposure.
After the PR is on the sample, a photomask must be used in conjunction with
a light source to expose and cross-link the desired portions of the pattern. I use a
dark-field chromium photomask, which has the patterned (chrome) side of the mask
oriented down towards the sample in the Suss MA6 mask alignment machine. The
pattern is aligned to the sample and then the exposure is conducted in hard contact
mode between the mask and sample. It is important to note that when performing
this process for a transparent substrate without the electrode layer, as is necessary to
fabricate the calibration samples, a polished wafer (such as a standard Si wafer) must
be placed beneath the transparent substrate to reflect the light back up through the
sample during exposure. When patterning a transparent substrate, exposure times
will be increased considerably (in my experience approximately 3 times longer) and
dark-field erosion (loss of absolute feature sizes due to light penetrating under the
edges of the photomask near the feature sites) becomes more prevalent. This pattern
is now exposed, but must be developed. In the case of the AZ9260 PR, AZ400K
developer is used at a dilution of 1:4 with UPW for proper selectivity. This dilution
is mixed well using a magnetic stir-bar for 3 minutes, then allowed to rest until fluid
motion stops. Development is halted by removing the sample from the developer
and immediately submerging in UPW. After drying with nitrogen, the development
progress is checked using a microscope with appropriate filter to avoid accidental
exposure of the sample while checking the progress. If additional development is
needed, the preceeding steps can be repeated until satisfied. A plasma descum is run
to remove any small particle of remaining PR in the patterned area.
Once a configuration similar to step 2 of Figure 4.1 is achieved, the AGR is
deposited using the AXIC plasma enhanced chemical vapor deposition (PECVD)
machine. This process is used to grow SiO2 within the patterned region, and the
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growth is done in pulses or steps instead of a single run to avoid pinhole propagation
across the AGR. If additional pinhole protection is required, the entire sample can
be turned 90◦ at one or more increments during the deposition, thus further barring
pinholes from bridging the AGR thickness. After the AGR is deposited to thickness,
liftoff is performed to remove the PR pattern for the AGR.
Liftoff is accomplished by first soaking the sample in PRS2000 heated to 80 ◦ C
for 4-8 hours. After this, an acetone spray gun is used to remove any remaining PR,
being very careful to not let the sample dry until all PR is removed. Once the sample
dries, no more PR will be removed from the surface. It is very helpful to have a clean
dish of acetone nearby so once a complete pass has been made with the acetone spray
gun, the sample can immediately be submerged in a clean dish of acetone to keep the
process working while you determine if more PR is present. Once all PR has been
removed, the sample is rinsed in UPW and dried using nitrogen.
After the liftoff process has been completed it is time to add the TE material to
prepared template of the AGR. This process was developed for use with electrodeposition, so this would be where that would occur. Successful electrodoposition of Bi2 T e3
was never achieved within this structure, so no specific process steps are available at
this stage of development. However, assuming electrodeposition was successful and
a chemical-mechanical polish had been done to level the AGR and TE material, the
device would now resemble step 4 of Figure 4.1. Now, the top palladium electrode
must be deposited using the same method as previously described for the bottom
electrode.
The next feature is the upper passivation layer which is a very crucial layer to
the device accuracy as revealed in Table 3.1 and as will be further discussed in Section 4.2 [14]. This layer can be grown using the AXIC PECVD system as previously
discussed to obtain an SiO2 passivation layer, but to obtain a higher quality passivation layer, atomic layer deposition (ALD) is performed using a Cambridge Nanotech
FIJI200. ALD is performed by first depositing a 3 nm thick layer of aluminum using
the metallization method previously detailed (at 0.2 Å/s since the target thickness
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is thin), then allowing this layer to oxidize within the ambient atmosphere of the
cleanroom for approximately 1 hour. After this time, the sample is inserted into the
ALD system for growth. Using precursors of H2 O and Trimethylaluminium (TMA) at
precise pulse injection timings and at a chamber temperature of 200 ◦ C. This process
grows Al2 O3 at a rate of roughly 3.3 Å/min. After the passivation layer has been
grown to a thickness of roughly 50 nm, the sample is removed and resembles step 5
of Figure 4.1.
Next the double spiral heater must be deposited, which involves repeating the
previously described photolithography except substituting AZ1518 PR for a thinner
layer and MF-26A undiluted as the developer, then a descum, followed by metallization of the heater pattern with to a thickness of 60nm, and then using the liftoff
technique to remove the PR as shown in step 8 of Figure 4.1. Finally to reveal the top
electrode contacts, a guard mask is patterned over the heater structure as depicted in
steps 9 and 10 of Figure 4.1, then the exposed passivation layer is back-etched such
that the exposed Al2 O3 is removed, but the palladium electrode layer acts as an etch
stop, step 11 of Figure 4.1. After a final liftoff step is performed, the finished device
remains, step 12 Figure 4.1.

4.2

Importance of Isolation Layer

4.2.1

Function

As discussed in Section 3.2.2, the isolation layer is crucial for measurement of both
thermal and electrical properties. Although it is required to ensure the heater (and
electrodes) function properly, the thermal properties of the isolation layer have one of
the most significant impacts on the measurement accuracy. Beyond this, pinholes and
low quality isolation layers can allow the heater to short to the electrode or sample
preventing the thermal conductivity measurement.
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4.2.2

Growth Methods

Many different methods were attempted to achieve high quality, pinhole free isolation layers including, e-beam evaporation of Al2 O3 , PECVD of SiO2 , and atomic
layer deposition (ALD) of Al2 O3 . The first method of passivation utilized a Leybold
e-beam evaporator to deposit the film much like for the metallization of the heaters;
however, this film was of low quality and had a very high pinhole density. Next
standard growth procedures for silicon dioxide were attempted with a AXIC PECVD
system, this yielded better results than the evaporated film, but while the pin-hole
density was lower, it still allowed the heater to short to the electrode beneath it. A
solution to the problem was achieved by breaking up the PECVD film deposition
into multiple stages and rotating the substrate in the chamber between runs. This
effectively blocks pinholes from bridging the entire thickness of the passivation layer,
however, this process lead to thicker than desired films (>100 nm) and it does not
work for aluminum oxide. The final route to fabricate high quality isolation layers was
atomic layer deposition of Al2 O3 . This was accomplished by first evaporating a very
thin (2 nm thick) seed layer of aluminum at a rate of 0.2 Å/s onto the samples using
PVD e-beam evaporator, then allowing the samples to oxidize in the atmosphere for
one hour. At this point, the samples were transfered into Fiji F200 ALD system to
grow a 50 nm thick film of aluminum oxide at 200◦ C at a rate of 25 Å/min.
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5. EXPERIMENTAL DESIGN
5.1

Atmospheric Test Rig (ATR) Design

(a) ATR

(b) BNC coaxial front panel interface

(c) Back panel connections and routing

(d) System layout

Figure 5.1. The ATR system was designed and fabricated for the sole
purpose of creating a high-throughput measurement system that was
easy for the researcher to use and provided accurate characterization
of TE materials.

5.1.1

Electrical Noise Shielding

Electro magnetic interference (EMI) is a serious issue that must be considered
when considering precise measurements of any frequency based signal. Electrical noise
comes from a plethora of sources that are all around us in the lab, but minimizing the
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impact of these noise sources is essential to conducting accurate low level frequency
measurements. Electrical shielding is the practice of preventing undesired signals from
coming into an area that might affect the signals trying to be measured. Shielding
can be accomplished by two methods: absorption and reflection. Absorptive shielding
is often used for magnetic shielding, while reflection shielding is generally used where
electrical fields are of higher concern that the magnetic fields [35].
Design features: All shields consist of some form of conductive enclosure around
the area trying to be isolated. The selection of this conductive material is very
important to the effectiveness of the shield and the performance of the system. In the
case of the atmospheric test rig (ATR), precision 6061 aluminum plate was chosen
for the enclosure due to its high electrical conductivity, machinability, stability in
ambient environment (does not readily oxidize to the point of decreased performance
under ambient conditions), and low cost. This grade of aluminum is very common for
general fabrication purposes and is readily available. The precision plate was chosen
as it provides better seam joints which will be discussed later. A plate thickness of
1/4 inch was chosen to provide better mechanical rigidity for the chamber, while also
providing an enclosure wall that is at least 3-10 times thicker than the skin depth in
the aluminum (thus providing adequate reflective shielding for electric fields).
1
δ=√
πf µσ

(5.1)

Where δ is the skin depth, f is the frequency in Hz, µ is the permeability, and σ is
the electrical conductivity of the shield [35, 36]. The measurement can be performed
up to 100 kHz (maximum due to current instrumentation specifications), thus at this
frequency aluminum has a skin depth of ≈0.010 inches, therefore at 1/4 inch, the
enclosure paneling is more than ten times the skin depth at the current maximum
measurement frequency.
A common problem with electrical enclosures stems from the joining of two surface
together at seems or corners. To prevent small gaps that can potentially act as weak
points in the enclosure electrical shielding, an internal frame was designed to serve a
dual purpose. Most importantly, this internal frame provides added protection against
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noise leaking into the enclosure via a small gap at one of the butt joints [37]. Secondly,
this internal frame decreases the complexity of the manufacturing and assembly for
the ATR, while adding strength and rigidity by reinforcing the inherently weak butt
joint.
Bolt spacing was a key consideration when joining the plates to the internal frame.
The implications of bolt spacing not only effect the mechanical performance of the
enclosure, but if the bolt spacing is too sparse, the shielding effectiveness will be
reduced. There have been many studies into bolt spacing for different materials and
joint configurations, but Carr provides a general rule for bolt spacing
S < 0.05λmin ,

(5.2)

where S is the distance between the hole centers and λmin is the wavelength of maximum frequency, thus the smallest wavelength of operation [35]. This concern is not
an issue for the low frequency applications considered here as one twentieth of the
wavelength at 100 kHz is approximately 150 m. Therefor, the only limiting factor for
bolt spacing for low frequency enclosures is mechanical strength, and easily accommodated using standard design practices.
As discussed previously, any joint or interface of an enclosure that does not readily
conduct electricity reduces the effectiveness of the entire enclosure and any openings
or gaps also create weak points, thus features such as doors and windows are often
very important to consider in the design phase of the enclosure. The fewer holes
or openings in a shielded enclosure, the better, but sometimes these features are
necessary. A door must be included to permit easy access to the sample fixturing
inside the system as bolts would be inconvenient and are unnecessary here to improve
performance of the shield. The door was designed to be slightly undersized for its
fit into the system to accommodate a combination gasket which consists of a rubber
gasket bonded to a mesh covered foam gasket. This gasket fills the gaps that would
exist between the door and the enclosure body when the door is closed. The design
offset of the door sizing permits the door to sit normally against the opening without
the gasket thickness causing a gap from the thickness offset. Another feature necessary
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for high-throughput measurements is a window to visually inspect the status of the
chamber to determine if more samples need to be mounted or if samples are currently
in place. Since electrical noise can pass through glass, simply installing a window is
not sufficient. A 1/4 inch thick plate of borofloat glass was mounted in the window
relief on the front of the chamber with 100 x 100 electrical grade (C101) copper mesh
mounted behind it to permit shielding in the view port, but still allow the operator to
see inside the system, analogous to the shielding used in residential microwave ovens.
The openings in the mesh are much smaller than any of the wavelengths that are
being shielded against, thus the openings will not appreciably degrade the shielding
effectiveness.

Figure 5.2. The four bar linkage permits the door to be easily actuated by the user without excessively wearing the EMI gasket material.
The door also swings up and remains safely out of the way for the
user to have full range of access to the sample stage and use of both
hands for loading/unloading.

The last major design feature for the ATR is the hinge system to permit users
to quickly access the interior of the system. The hinges must allow easy movement
of the chamber door and avoid unnecessary wear of the conductive gasket. Another
concern is the ability of the chamber door to safely stay both open and closed with no
effort force input applied from the user, thus allowing the operator to safely use both
hands to install or remove samples from the mounting system. I designed a novel four
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bar linkage hinge to force the door to move away from the gasketed surfaces almost
perpendicularly at the beginning of the cycle to avoid rubbing and excessive wear of
the EM gasket, while the weight of the door and interference of the arms themselves
holds the door in the open position at the top of the cycle, which is completely out
of the way allowing full range of access to the interior of the testing apparatus.

5.1.2

Temperature Controlled Testing Stage

A custom temperature controlled stage was designed and fabricated to provide a
range of testing temperatures below and above room temperature. The stage employs
four 40 mm x 40 mm TEMs from TE Technologies (VT-127-1.4-1.5-72), which are
controlled by a bi-directional PID temperature controller (TC-36-25-RS232) from the
same company. Bi-directional control permits very stable temperature control of the
stage, up to ±0.01◦ C, with the dual 10k thermistor feedback sensors. Additionally
the controller can use the dual thermistors to maintain a specified ∆T across the
TEMs while shifting the absolute temperatures up or down as desired. The controller
is rated to a control range of −20◦ C to 200◦ C, but the actual operation temperature
range of the temperature controlled block is limited to a maximum temperature of
150◦ C due to the potting material of the TEMs and the operating limits of the thermal
paste.
A chilled water plate must be used for the base mounting ofthe TEMs, because
a temperature difference, ∆Tmax = 72◦ C, must be maintained across the modules to
operate. An off-the-shelf water block from Custom Thermoelectric (WBA-4.0-1.1AL-CC) was used to as the heat sink for the mounting of the TEMs. The water block
can dissipate heat loads of greater than 1200 Watts. Buna-N o-ring seal for fluid
operating temperatures between -29 ◦ C to 120 ◦ C, which covers entire range of stage
operation since the water block will never reach the maximum hotside temperature
of 150 ◦ C. The water block has a thermal resistance of approximately 0.019 K/W for
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a flow rate of 2.0 GPM, with a corresponding pressure drop of roughly 0.75 psi, both
of which are readily achievable using standard chillers or recirculating baths.

Figure 5.3. A temperature controlled stage permits a wide range
of testing conditions, while allowing fast and easy sample changes.
The pogo pin configuration within the system is easily customizable
by simply drilling the desired holes in a new probe carrier and insterting into the mounting bracket within the system. This high level
of customization permits the measurement of many different sample
geometries and patterns.

Considerations must be taken for the proper mounting of the TEMs for optimal
performance of the temperature controlled stage. The module interfaces must be
machined to a flatness tolerance of ± 0.001 in. Use centerline alignment scheme to
place the machine screws around the TEMs making sure to maintain a spacing of
0.1 - 0.5 in from the edge of the TEM. Mounting screws are used in conjunction
with Belleville disc springs, flat metal washers, and insulating shoulder washers to
provide a precise constant clamping force while thermally isolating the bolt from the
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hot mounting plate. If the mounting bolts are not thermally isolated, there will be
significant thermal leakage from the hot plate to the cold water plate, thus reducing
the effectiveness of the temperature controlled stage. Prepare surface by thoroughly
deburring and cleaning all surfaces with a triple solvent clean. The triple solvent
clean consists of soaking the parts in Toluene, Acetone, then Isopropyl Alcohol for five
minutes each in an ultrasonic bath. This process thoroughly removes contaminants
from the surfaces and preps the interface for improved contact to the TEM. Next
a thin film of thermal grease (Arctic Silver 5 - micronizedAg, ZnO, Al2 O3 , BO) is
applied to the cold plate, at a thickness of approximately 0.07 mm, which is controlled
by masking the desired areas with Kapton tape and using a firm squeegee tool to
smooth and spread the applied thermal paste until evenly distributed over the contact
area, the Kapton tape mask is then removed. The TEMs are then applied one-byone to their intended mounting locations on top of the thermal paste, making sure
to rotate each TEM back and forth as it is pressed into the thermal paste until
slight resistance is felt, this process ensures that the TEM and the water block are
in intimate contact. This process is then repeated for the other side of the TEM at
the mounting plate interface. Finally, the stage assembly must be bolted together to
properly mount the TEMs. It is very important that even pressure be applied across
all four TEMs in the stage as an imbalance of applied force across the different TEMs
will result in non-uniform stage temperature distributions. To accomplish this, the
force per bolt was calculated to yield a pressure on the TEMs in the specified range
of 75 - 200 psi [38].
τB =

0.2 · dB P AS,tot
nB

(5.3)

Where τB is the torque per bolt in (in-lbs), dB is the diameter of the bolt, P is the
specified mounting pressure for the TEM, AS,tot is the surface area of one of the TEM
faces, and nB is the number of bolts used to mount all of the TEMs. The temperature
controlled stage uses a 2x2 array of TEMs, thus for even force distribution and proper
mounting, 12 bolts are required. The diameter of the bolt should be minimized
to reduce thermal leakage from the hot to cold side of the TEM. In this design,
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#6-32 (dB = 0.138 in) 18-8 stainless steel socket head cap screws were utilized as
they provide a sufficient balance between low thermal leakage pathways, adequate
hold strength for the threads in the tapped holes under TEM specified operational
loads, machinability of the auxiliary components, and assembly effort. The specified
operational pressure range for the TEMs corresponds to a torque range of 1.7112
- 4.5632 in-lbs per bolt. Next, the number of required Belleville washers must be
determined; Belleville washers are essentially disk springs that can be assembled in
series, with each having an individual working load. The number of washers needed
is dependent upon the force required per bolt, as shown in Equation (5.4).
FB =

P · AS,tot
τB
=
nB
0.2 · dB

(5.4)

It can easily be determined that the force per bolt, FB , is 62 - 165 lbs. The selected
Belleville washers are made from 304 stainless steel and have a working load of 41
lbs, which corresponds to a 16% total deflection. They were selected based upon
the working load and geometric dimensions that permit them to fit well with the #6
bolts. The number of Belleville washers per bolt is determined through the inequality
−1
nw · FW L ≥ FB =⇒ nw ≥ FB · FW
L , which shows that 2-4 Belleville washers are

required per bolt. Two additional washers are required to properly fasten the stage
assembly, a standard #6 flat 18-8 stainless steel washer, and a thick # 6 flat G-10
insulating washer. These final washers combined with the Belleville washers complete
the bolt assembly for each mounting hole. Once installed, the bolts are tightened to
3.5 in-lbs using a torque wrench.

5.1.3

High-Throughput Measurements

Differential 3ω : A key feature of a measurement system designed for materials
characterization, development, and properties tuning is the ability to directly compare the performance of two separate materials. This is accomplished in the ATR
via the quad-sample mounting capacity of the temperature stage and probe carrier.
Mounting four samples at one time not only speeds up testing, but it also permits
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measurement of all four samples under identical test conditions. Additionally, this
ability is crucial for performing differential 3ω measurements. Differential 3ω is when
a two or more samples are tested, with a single feature varied between the samples.
For example, if two devices were tested, but one had a single additional layer within
the device, the behavior of that layer could be investigated since the response of the
other layers is captured in the reference device and can be ”subtracted” from the
device containing the extra layer. This technique enables the researcher to easily
compare the performance of materials while by eliminating the requirement for every
layer in the device to be completely and fully characterized since there is a control
device to account for the device layer contributions.
Pogo-Pins and Adaptable Carrier: Spring-loaded electrical contacts, also known
as pogo-pins are a very easy way to make quick, repeatable electrical connections
to samples and provide an integrated contact force due to the springs, as shown
in Figure 5.3. This type of connection if essential for a high-throughput testing
system as it avoids the need to wire bond or solder leads to every sample, it permits
direct insertion of the samples rather than requiring each sample be packaged in a
chip carrier, and it easily probes the devices at multiple levels due to the the pins
compressing the contained springs under contact load. Standard pogo-pins can be
installed with minimum pitches of 0.4 mm. In addition to the standard pogo-pins
used to make the voltage and current connections, two specialty spring-loaded probes
are installed to improve measurement performance: surface thermocouple (type-K)
to measure the temperature on the top of the device substrate and a spring-loaded
switch to allow a repeatable height, thus a repeatable contact force due to the spring
loaded probes, to be used for repeated measurements.
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5.2

Data Acquisition

5.2.1

Signal Conditioning Circuits

The measurement principle of the 3ω method is that the third harmonic of the
voltage response is to be measured, but this component is generally three orders of
magnitude smaller than the fundamental harmonic and can easily be lost or distorted
in the larger signal. There are three main methods used to extract this small signal
from the combined voltage response: null bridge circuits, amplifier circuits, and direct
measurement.
Null Bridge Circuits: Nulling circuits have been a fixture of experiments for a very
long time and they are often the first stop for performing signal isolation in these situations. Architectures such as the Wheatstone bridge or Kelvin bridge are indeed
powerful measurement circuits when implemented correctly, but they can also create
many problems in the system if not properly applied or balanced [39]. In a measurement system, there will not be a purely resistive signal that can be perfectly canceled
using a standard Wheatstone or Kelvin bridge configuration. Instead, capacitive and
sometimes inductive components must be introduced to the nulling bridge to properly
balance the signals at the reference level. Due to the variety of sample configurations
and the time involved in balancing the bridge each time, the null bridge circuit did
not lend well to being a component for a high-throughput testing system.
Amplifier Circuit: It is very common to see some form of amplifier based cancellation circuit used in many 3ω systems. This is due to the wide range of performance
of these circuits for the conditions relevant in the measurement. The circuit is generally constructed of three or more amplifiers that take the voltage difference across
the measured sample containing the fundamental and third harmonic of the voltage
response, then another amplifier takes a signal from across a matching network that
is made from components with very low temperature coefficients of resistance, thus
effectively eliminating a third harmonic response from the matching system. This
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matched fundamental signal is then subtracted from the combined signal using the
final amplifier [40–42].

(a) Circuit schematic for the cancellation circuitry

(b) Custom fabricated measurement circuit

Figure 5.4. Harmonic cancellation circuit constructed using in-amps
to remove the fundamental harmonic from the voltage signal allowing
for better measurement of the small third harmonic component.
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I designed a cancellation circuit specifically for this measurement system based
upon the Anderson Current Loop [39–43] using instrumentation amplifiers (AD8221)
due to their improved common mode rejection ratio (CMRR) over traditional differential amplifiers. The board, as shown in Figure 5.4(b), utilizes matched signal line
lengths, 50 Ω impedance signal traces, power supply decoupling, and test points to
allow measurement across any of the three in-amps to verify proper operation and
aid in future trouble shooting of experiments. Signal connections to the board are
through edge launch, 50 Ω SMA connectors, while the test points are vertical SMT
micro-coaxial connectors (due to on board space) which allow the output signal of
either of the first two in-amps to be monitored individually with respect to signal
ground. Finally, this circuit is housed in an aluminum enclosure to provide a low
noise shielded environment for the signal conditioning.

5.2.2

Instrumentation

This system was controlled through a LabVIEW VI and GPIB communication.
The major instruments necessary for 3ω are a way to drive the frequency signal for the
circuit, ability to measure the harmonic response of the sample and accurate electrical
measurements for determining the components of the thermopower (S 2 σ). Due to the
analysis corrections necessary for the use of a voltage source to drive the system [44],
an AC current source (Keithley 6221) was used in the system to supply the driving
1ω frequency for the heater. Next, to accurately measure the third harmonic signal in
the system, a lock-in amplifier (SRS 830) was used. This instrument uses a reference
link from the current source to lock onto the frequency and phase of the driving
signal and determine the real (in-phase) and imaginary (out-of-phase) components
or magnitude and phase of the signal. Finally an Agilent 3458A digital multimeter
(DMM) was used for the measurement of electrical properties. This DMM has 8.5
digits of precision, thus allowing it to detect very small variations in parameter values
during the experiment. The system with instrumentation is shown in Figure 5.5.
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Another key aspect of this measurement system is the cabling that allows the
signal to move from one enclosure to another, which must also guard against electronic noise interference. The signal cables for this system must be of 50Ω impedance
to properly interface with the instrumentation and maintain high signal quality; I
utilized Belden 8259 RG-58A/U type coaxial cable throughout the system. Coaxial cables are designed such that a central core conductor carries the signal, which
is surrounded by some form of dielectric insulation to separate the main conductor
from another conductive layer of foil and/or tightly woven wire mesh which is used
as a signal shield, finally the entire cable assembly is wrapped in an outer dielectric
skin for protection [45]. All signal cables were cut from the same batch of bulk cable
and attached to appropriate connectors in house which permitted a high degree of
control over the run lengths and cable assembly practices. Ergo, custom cable lengths
were used in conjunction with mindful instrumentation/system layout to reduce the
lengths of cable necessary to connect system components and by assembling the bulk
cable to connectors myself, I insured consistent assembly conditions between cables
throughout the system. I fit these custom cables with BNC plugs (Amphenol Connex
P/N: 112116) and rubber strain-relief boots to prolong cable life and added protection during use. These cables and plugs interface with the BNC jacks (Amphenol
Connex P/N: 112575) I mounted for all panel connections on system enclosures. One
additional type of cable was required to interface with the Keithely 6221 AC source,
which has a triaxial output configuration. A triaxial cable is similar to a coaxial cable
design, but has an additional layer of dielectric and shielding between the center conductor and the outer signal shield. This cable permits the output of the AC source
to be configured to supply the output signal to the central conductor, while using
the second inner conductor layer as a return path, yet still maintaining the electric
shielding around both signals. This triax cable was split into two BNC connections
prior to the front panel of the ATR to allow a BNC interface for all ATR connections.
This cabling scheme permits accurate low level measurements without the influence of
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external noise and maintains a continuous signal shield throughout the system which
is helpful in minimizing coherent interference.
The final pieces of the puzzle that must be touched on to fully discuss the system
are influences of the system ground and building power. Much care and design has
been focused on shielding against noise up to this point in the design of the ATR and
associated instrumentation interfaces, but an often overlooked item is the grounding
scheme. To avoid ground loops within the system, a single point grounding scheme
was adopted which connects the ATR to a bus bar fed by a dedicated instrumentation ground line run directly from the facilities ground triad. A single point ground
insures that ground loops will not be introduced to the system by the existence of two
ground references at slightly different potentials. Thus a continuous shield is utilized
to maintain electronic shielding throughout the system and instrument inputs and
outputs are floated relative to ground to avoid coupling the shielding to the building ground which contains much higher noise levels relative to the instrumentation
ground.
In addition to the building ground containing noise, the building power is also a
source of noise. This was addressed by attempting to decouple or bypass incoming
noise from the system with capacitors and use of a commercial isobar outlet strip.
These efforts improved measurement quality, but noise is still somewhat evident in the
system at times of peak grid use. Thus, measurements were performed on a shifted
schedule, mostly during the night, to avoid noise influences when possible. Future revisions of the system will incorporate line filters, isolation amplifiers, and interruptible
power sources to further isolate the impact of building power fluctuations.
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Figure 5.5. The instrumentation configuration for the 3ω system.
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6. VALIDATION OF EXPERIMENTAL APPARATUS
6.1

Calibration Samples
Single line heaters are initially used in this work as calibration tools. The double

spiral pattern is not strictly needed at this point as the samples are homogeneous,
planar, and uniform. As an aside, initial tests with double spiral patterns indicated
that additional inductive and/or capacitive effects, not considered in the thermal
model, may impact the phase of the temperature signal and the accuracy of the
thermal conductivity measurements. Future work will optimize the double spiral
pattern considering these extra electrical factors.

Figure 6.1.
Calibration data from fused silica samples at room
temperature, a driving current of 20 mApeak , and a heater width of
81.5 µm. Dashed lines show the impact of a 10% variation in thermal
conductivity, thus illustrating the sensitivity to this property.
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Figure 6.2. Calibration of a sapphire substrate at room temperature,
a driving current of 20 mApeak , and a heater width of 87.1 µm. Dashed
lines show the impact of a 10% variation in thermal conductivity, thus
illustrating the sensitivity to this property.

The system was first calibrated using fused silica wafers as a reference material.
A palladium heater (81.5 µm wide, 2.4 mm long, and 59.2 nm thick) was fabricated
on the surface of a fused silica wafer using the processes outlined in Chapter 4 . A
4-probe heater line configuration is used to minimize the impact of contact resistances
and ensure thermal end effects are negligible. The geometric dimensions of the heater
were confirmed using a KLA Tencor P-7 stylus profilometer. The MATLAB fitting
code detailed in Section 2.4 was applied using the 2D strip solution and fitting the
in-phase and out-of-phase data simultaneously, as shown in Figure 6.1, to obtain a
value of thermal conductivity for the fused silica of 1.21 W/(m K). This value is in
good agreement with tabulated and literature values for fused silica. Additionally
the sensitivity of the fitting to thermal conductivity of the substrate was applied
and is illustrated through the dashed lines in Figures 6.1 and 6.2. The red dashed
lines depict a 5% drop in thermal conductivity, while the green dashed lines represent
the impact of a 5% rise in thermal conductivity. This spread reveals that different
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frequency ranges of the measurement will have higher or lower sensitivities to the
property of interest.
C-plane sapphire was selected as a second calibration sample, as it is used as a
growth substrate for many advanced materials. A Palladium heater, similar to that
used for the fused silica sample, was deposited and patterned on the sapphire wafer.
Note that since the sapphire wafer was only single side polished, the back side of
the sample resulted in diffuse reflections and caused some dark field erosion during
the photolithography. Thus the heater width was measured to be 87.1 µm for the
sapphire calibration sample. Figure 6.2 shows the fitting of the in-phase and out-ofphase data for the sapphire sample. A thermal conductivity value of 31.2 W/(m K)
was measured for the sapphire substrate, which is also in very good agreement with
documented measurements for this material.
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7. SUMMARY
In this work, I have designed and optimized a measurement structure to allow measurement of thermal, electrical, and thermoelectric properties on a single sample. The
impact of design parameters on the accuracy of the measured thermal conductivity
and Seebeck Coefficient, simulated using COMSOL and analyzed with a 1-D model,
combined with fabrication consideration yields optimal configurations for the sample
structures. The accuracy of the measured thermal conductivity and Seebeck coefficient increases as the heater geometry approaches a 1-D configuration. However,
for line widths as small as one half the heater line spacing, the measured thermal
conductivity is still within 5% of the actual value. The structure provides accurate
thermal measurements across a wide range of thermal conductivities, with less than
5% error for values of thermal conductivity above 0.15 W/(m K). For actual samples,
even for a single material composition, the thermal conductivity can vary depending
on micro-/nanoscale features, manufacturing processes, and impurities. This analysis
shows that comparisons between samples will be accurate.
Additionally, a high-throughput measurement system was designed and fabricated
to promote the optimization of TE materials and devices for a minimized $/Watt metric rather than solely increasing ZT regardless of implementation costs or practical
considerations. The thermal performance of this system was validated using fused
silica and sapphire substrates as calibration references, which yielded measured thermal conductivities of 1.21 W/(m K) and 31.2 W/(m K) respectively. These values
are in good agreement with the range of values found in literature for these materials
demonstrating the accuracy of the measurement system.
While this work focused on characterization of thermoelectric materials, this system is equally suited for investigation of many other materials systems. The robustness of this measurement structure makes it favorable as a standard platform for
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thermal and electrical characterization of materials across many different applications.
Such standardization is beneficial for measurements because it reduces the differences
in sources of experimental error, and lends to a more thorough understanding of the
performance of the actual material of interest without unknown effects from the measurement structure. The parametric design study presented here should serve as a
reference when designing similar measurement structures for other applications.
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8. RECOMMENDATIONS
While this study centers primarily on the optimization of the thermal characterization capabilities of the measurement structure, there are additional aspects of the
design yet to be considered. Incorporation of radiation and convection losses into
the COMSOL model will further enhance the analysis and enable quantification of
heater powers necessary to minimize thermal losses. While the accuracy of the thermal measurements was verified, the next steps will also include verification of the
Seebeck coefficient and electrical conductivity measurement techniques.
After optimizing this measurement structure, it is clear that the goal of high
throughput measurements is limited by the fabrication complexity of the device structure. This limitation acts as a bottle neck to the materials characterization process,
which should be avoided for rapid measurements. Another limitation of the complex
device structure presented here is the difficulty of integrating existing materials into
the structure for testing. To adequately characterize many TE materials, much higher
temperatures will need to be achieved which will necessitate a vacuum environment
to reduce losses and avoid oxidation of the materials. At high temperatures, the stability of the measurement structure must be considered as to avoid the measurement
temperatures impacting the sample due to the intimate contact with the other layers
in the structure. These factors indicate that a system with a more ”plug-and-play”
material interface will be better suited for high-throughput characterization. A new
measurement platform is being constructed to accommodate high temperature conditions for existing material samples. This system is known as a Z-meter, which is also
used for simultaneous thermoelectric characterization and will permit measurement
of properties at temperatures up to 1200 K.
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